ABSTRACT. The macrophage migration inhibitory factor (MIF) is an important proinflammatory cytokine that mediates both innate and adaptive immune responses. In this study, we identified a homolog of MIF in the Pacific white shrimp Litopenaeus vannamei. The MIF cDNA contained a 363-bp open reading frame encoding a 120-amino acid protein with a calculated molecular mass of 13.442 kDa and a theoretical isoelectric point of 6.57. The L. vannamei MIF shared high amino acid identity with MIFs of other invertebrates. Tissue distribution analysis by quantitative real-time polymerase chain reaction (qRT-PCR) revealed that the L. vannamei MIF was abundantly expressed in the blood, heart, and hepatopancreas, was moderately expressed in the gill, and was weakly expressed in the muscle and intestine. Furthermore, in order to gain a basic understanding of the role of MIF in the shrimp immune response against viral infection, its mRNA expression was determined in the hepatopancreas of L. vannamei at different stages after white 5873 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 12 (4): 5872-5879 (2013) MIF gene from Litopenaeus vannamei spot syndrome virus (WSSV) challenge using qRT-PCR. The result indicated that the expression of MIF was significantly upregulated after WSSV injection, suggesting that MIF may be involved in the response to viral infection in shrimp.
INTRODUCTION
The Pacific white shrimp, Litopenaeus vannamei (Lee, 1931) , has become the leading farm crustacean species in the world (Valles-Jimenez et al., 2004) . Because of its huge economic value and important evolutionary status, an increasing number of studies have focused on the biology, physiology, genetics, and immunology of L. vannamei in recent years (Shen et al., 2007; Ciobanu et al., 2010; Gorbach et al., 2010) .
The macrophage migration inhibitory factor (MIF) is one of the earliest discovered lymphocyte factors (Bloom and Bennett, 1966) . MIF was originally identified as an immunoregulatory cytokine produced by antigen-activated T lymphocytes that inhibited the random migration of macrophages (Bacher et al., 1996) . Recent research has revealed a more prominent role of MIF as a multi-functional cytokine that is involved in cell-mediated immunity, immunoregulation, and inflammation (Larson and Horak, 2006; Flaster et al., 2007; Stojanovic et al., 2011) . Further research has shown that MIF plays a crucial role in malignant disease progression (Chuang et al., 2011; Herrero et al., 2011; Yeh et al., 2013) . Since the human MIF gene was first cloned (Weiser et al., 1989) , MIF homologs have been identified in various vertebrate and invertebrate species (Mitchell et al., 1995; Jin et al., 2007; Lopes et al., 2011) . However, to our knowledge, MIF has not yet been cloned in shrimp.
Shrimp lack an acquired immune system, and must instead rely on efficient innate immune defenses (Yeh et al., 2009) . Therefore, an understanding of the innate immune ability of shrimp and their defense mechanisms is becoming an increasingly important research subject (Sivakamavalli and Vaseeharan, 2012) . In order to determine the participation of MIF in the innate immune response in shrimp, we identified a cDNA encoding MIF from L. vannamei, and analyzed its characteristics, evolution, tissue distribution, and differential expression in response to viral infection.
MATERIAL AND METHODS

L. vannamei MIF cloning and sequence analysis
Construction of a cDNA library from the L. vannamei hepatopancreas and sequencing of expressed sequence tags (EST) were previously completed in our research group. A cDNA containing the complete amino acid sequence of MIF was obtained by searching against similar sequences in the National Center for Biotechnology Information (NCBI) non-redundant (nr) protein database using the BLASTX programs (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The NCBI open reading frame (ORF) Finder program (http://www.ncbi.nlm.nih.gov/projects/ gorf/) was used to identify the MIF cDNA ORF and the DNA translation. The theoretical iso-D.G. Zeng et al. electric point (pI) and the molecular weight (Mw) of the MIF were computed using the pI/Mw tool (http://web.expasy.org/compute_pi/). The secondary structure of the MIF was predicted using the PredictProtein tool (https://www.predictprotein.org). Multiple sequence alignment was conducted using the ClustalW2 software (http://www.ebi.ac.uk/Tools/msa/clustalw2/), and a phylogenetic tree was created using the MEGA5.1 software (http://www.megasoftware. net/) by the "neighbor-joining" method and was bootstrapped 2000 times.
Experimental shrimp, white spot virus syndrome (WSSV) challenge, and quantitative real-time polymerase chain reaction (qRT-PCR) analysis
Specific pathogen-free (SPF) L. vannamei shrimp were obtained from the National and Guangxi Shrimp Genetic Breeding Center (Guangxi Province, China). The average body weight of the shrimp was approximately 10 g. The shrimp were maintained in 1000-L glass seawater tanks (25° to 26°C) and fed an artificial pellet feed. The shrimp were allowed to acclimatize for 2 weeks before the experiment. For the experiment, the shrimp were divided into two groups: The WSSV challenge group and the normal control group. Shrimp in the challenge group were injected with a 60-mL WSSV suspension prepared as described by Prior et al. (2003) . In parallel, the shrimp in the control group were injected with a 60-mL extract prepared from a healthy shrimp. The shrimp were randomly collected at 0, 12, 24, 48, and 72 h postinjection. At each time point, the hepatopancreas was isolated from three individuals in each group and frozen in liquid nitrogen. Total RNA was extracted using TRIzol reagent (Qiagen) following manufacturer instructions, and DNA was removed with DNase (Promega). The RNA was stored at -80°C until use. The primers 5'-TTAGTGAAACCATTGGGAAA-3' (forward) and 5'-AACTGCATAAATCTTAGAAG-3' (reverse) for qRT-PCR were designed according to the MIF gene sequence. The primers for b-actin (used as an internal reference gene) were 5'-CGAGAAATCGTTCGTGAC-3' (forward) and 5'-GATGGAGTTGTAGGTGGTCT-3' (reverse). The first-strand cDNA was synthesized from 1 mg RNA with M-MuLV reverse transcriptase (Qiagen). The 20-mL qPCR reaction mixture consisted of 2X Power SYBR Green PCR Master mix, 0.9 M each forward and reverse primers, and 1 mL template cDNA. PCR amplification was performed under the following program: 50°C for 2 min and 95°C for 30 s; 35 cycles of 95°C for 15 s and 62°C for 1 min; 72°C for 5 min.
RESULTS
Cloning and sequence analysis of the MIF gene
A cDNA containing the complete amino acid sequence of MIF was obtained by sequencing the L. vannamei cDNA library. The cDNA sequence has been submitted to GenBank under the accession No. KC513658. The cDNA contained a 363-bp ORF encoding a 120-amino acid protein with a calculated Mw of 13.442 kDa and a pI of 6.57. To determine the protein family, the structural domains and functional sites of the MIF polypeptide sequence were analyzed by searching the Pfam database. The results showed that the MIF amino acid sequence contained a Pfam profile CL0082 (MIF), indicating that the L. vannamei MIF identified in this study belongs to the MIF protein family. Furthermore, secondary structure prediction indicated that the MIF contained three alpha helices and five beta sheets in accordance with the b 1α1b2b3b4α2b5α3 order (Figure 1) . The signal peptide cleavage site was predicted using the SignalP3.0 program. The result showed that the peptide of MIF did not contain a signal peptide sequence, implying that it is not released from the cells by the conventional protein secretory pathway. The full lengths of the MIF protein and its homologs in other species were subjected to phylogenetic analysis using ClustalW2, and a phylogenetic tree was created using the MEGA5.1 software. According to the phylogenetic tree (Figure 2) , the L. vannamei MIF was clustered to a subtree followed by the branches of invertebrate MIF proteins. L. vannamei MIF mostly clustered with the MIF of Scylla paramamosain and Eriocheir sinensis, which also belong to the crustacean family.
Tissue expression of MIF
MIF expression was determined in various tissues of L. vannamei before WSSV challenge using qRT-PCR. b-actin of L. vannamei was used as a housekeeping control gene, and the intestine was used as a calibration sample for RNA amount standardization. The results of qRT-PCR showed that MIF was expressed in the intestine, muscle, gill, hepatopancreas, heart, and blood (Figure 3 ). In addition, MIF transcript amounts differed in various tissues, with the highest expression in the hepatopancreas and the lowest in the muscle (Figure 4) . 
Expression of MIF after WSSV challenge
The hepatopancreases were collected at 0, 6, 12, 24, and 48 h after WSSV challenge. The expression of MIF was analyzed by qRT-PCR. The results showed an obvious increase in the level of MIF transcripts. The expression was highest at 12 h and decreased gradually at later time points. Nonetheless, the expression of MIF was significantly up-regulated during the WSSV-infected phase relative to that of the unchallenged control shrimp ( Figure 5 ). 
DISCUSSION
Cytokines play a crucial role in the immune response by regulating both innate and acquired immunity (Stenger and Rollinghoff, 2001) . Numerous studies have indicated that these molecules are implicated in many human pathological conditions (Sládková and Kostolanský, 2006; Mustafa et al., 2007; Linker et al., 2008) . However, relatively few cytokines have been identified in crustaceans, and in shrimp in particular, to date. In this study, we cloned, for the first time, the MIF from L. vannamei. Amino acid sequences and phylogenetic analysis revealed close similarity between L. vannamei MIF and other invertebrate MIF proteins. The phylogenetic analysis of MIF sequences coincides with current understanding of animal evolution. Secondary structure prediction indicated that L. vannamei MIF possesses three alpha helices and five beta sheets in accordance with the b 1α1b2b3b4α2b5α3 order, which is similar to human MIF, whose secondary structure is comprised of two alpha helices and six beta sheets in the following order: b1 α1b2b3b4α2b5b6 (Sun et al., 1996) . This implies that the biological functions of L. vannamei MIF may be similar to those of human MIF.
Consistent with previous studies showing that MIF is ubiquitously expressed in both immune and non-immune cells of various tissues (Jian and Parker Jr., 2003) , in the present study, qRT-PCR analysis showed that the MIF was constitutively expressed in six selected tissues from healthy L. vannamei individuals. The expression level of L. vannamei MIF was higher in the hepatopancreas than those in the intestine, muscle, gill, heart, and blood. Since the hepatopancreas is considered to play a major role in initiating the defense response in shrimp (Ji et al., 2009; Li and Brouwer, 2013) , the higher expression of MIF in the hepatopancreas suggested that MIF is involved in the immune response of shrimp. Furthermore, expression profiles of MIF in the hepatopancreas of L. vannamei at different interval times following WSSV challenge showed a significant increase in the expression level of MIF, indicating that MIF might participate in the shrimp immune response to viral infection. However, the molecular mechanism of MIF action remains to be investigated in more depth.
In conclusion, we cloned the MIF cDNA from L. vannamei. The molecular and structural characterization of MIF will help to understand the immune system of shrimp.
